The pathway of tryptophan synthesis in various microorganisms1-4 is shown in Figure 1 . Although this reaction sequence is invariant in the organisms studied so far, the enzymes for the reactions appear to associate in different combinations.' This pathway offers several advantages for a study of the regulation of anabolic enzymes, among them opportunity to introduce the intermediate compounds anthranilate and indole into cells, and ease of detecting as accumulation products anthranilate, 1-(o-carboxyphenylamino)-1-deoxyribulose (CDR), indoleglycerol (InG), and indole.
The pathway of tryptophan synthesis in various microorganisms1-4 is shown in Figure 1 . Although this reaction sequence is invariant in the organisms studied so far, the enzymes for the reactions appear to associate in different combinations.' This pathway offers several advantages for a study of the regulation of anabolic enzymes, among them opportunity to introduce the intermediate compounds anthranilate and indole into cells, and ease of detecting as accumulation products anthranilate, 1-(o-carboxyphenylamino)-1-deoxyribulose (CDR), indoleglycerol (InG), and indole.
Bacteria of the Pseudomonas group were shown by den Dooren de Jong (thesis, Technische Hogeschool, Delft, The Netherlands, 1926) to use a wide variety of organic compounds as single sources of carbon and energy. In recent years, studies of the pathways of oxidation of numerous substrates and the regulation of relevant enzymes have appeared (e.g., refs. 6 and 7). In the main, the enzymes for catabolic substrates are under inductive control, frequently in sequential blocks induced coordinately. 8 The regulatory mechanisms in pseudomonads, however, have not been shown to be identical with those of the enteric bacteria. 9' 10 Regulation of anabolic enzymes in the Pseudomonas group has been little studied. We have obtained a number of tryptophan auxotrophs in Pseudomonas putida, a typical oxidative fluorescent pseudomonad, and examined its tryptophan synthetic pathway. This paper presents the results of our initial observations using mutants grown under conditions of tryptophan excess or deprivation. The results clearly show that the last enzyme in the pathway, tryptophan synthetase (TS), is controlled through induction by its substrate, indoleglycerolphosphate (InGP). This finding is in sharp contrast with the control mechanism operating in E. coli, where all the enzymes of the pathway are coordinately controlled through repression by tryptophan. 1 11, 12 Materials and Methods.-Organisms: The parent strain used in this study, P. putida ClS, was derived from the terpene oxidizer described earlier,'3 from which it differs in clone type (traitslucent rather than opaque) and sensitivity to bacteriophage Pf.'4 Tryptophan auxotrophs were identified by replica plating following treatment with the mutagen N-methyl-N-nitrosoguanidine.'5 Strains were numbered after determination of their enzymatic defect. All mutants used in this study have reversion frequencies within the range expected for point mutants. The organisms were maintained by monthly transfer on slants of L-agar. '6 Growth conditions: Inocula were prepared in tubes of L-broth shaken at 300. Cells for extract preparation were grown in 1-liter vol of medium E17 agitated at 30°in dimpled 2- Results.-Location of enzymatic defects: Eight tryptophan auxotrophs were examined for growth on minimal medium supplemented with anthranilate or indole and for accumulation of pathway-related substances (Table 1) . Two strains, S21 and S62, appeared to be somewhat leaky as shown by slight growth in minimal medium. None of the auxotrophs isolated grew rapidly on indole, though the concentration used is not inhibitory to wild type or to auxotrophs growing on L-tryptophan. Only cultures depleted of tryptophan showed significant accumulation of precursor-related substances. All culture fluids exhibiting fluorescence were VOL. 56, 1966 BIOCHEMISTRY: CRAWFORD AND GUNSALUS 719 examined by paper chromatography22 for the presence of CDR; this compound was not observed, though enzymatic analysis would predict its accumulation, especially by strain S31. Table 2 displays the results of enzymatic analysis of dialyzed sonic extracts of seven of the strains shown in Table 1 . For simplicity, the wild-strain S grown in excess L-tryptophan was used as standard; averaged specific activities from two such extracts are given in line one of Table 2 . All other assays are expressed as the ratio of specific activity to that of the wild type. The mutants each lack one enzymatic activity, though strain S61 lacks both the A and B portions of TS. Measurements on S62 indicated its similarity to S61; therefore, it was not studied further. Since both the dissociating (E. coli) and nondissociating (N. crassa) types of TS have been shown to mutate in a single step to enzymes lacking TS-A, TS-B, or both, the enzymatic deficits in strains S51 and S61 are not surprising. uantitatively because it cannot be con-1.5 min. After adding PRAI-verted to L-tryptophan; the TS-A reaction rate is cntaining exranctofaths28PRAn, negligible under these conditions.) fluorescence during the first min-
The influence of tryptophan excess and deprivation ute is used to calculate isomerase on the enzymatic activities of both wild and mutant activity, strains is also shown in Table 2 . In the wild type, only TS-A and TS-B are increased upon omission of L-tryptophan from the medium. In the mutants, AS responds most to tryptophan limitation; PRT and InGPS appear to be affected in parallel and to a lesser extent, whereas PRAI does not vary much. tt is perhaps significant that the PRAI level is 3 X that of the next most active enzyme. Surprisingly, no increase over the basal level of TS-A and TS-B occurred when auxotrophs blocked in reactions before TS were harvested after tryptophant limitation. rThe TS mutant lacking reaction B activity (S51), however, did show elevated TS-A activity after tryptophan depletion.
Enzyme activity changes with time during tryptophan deprivation: To be certain that the activity changes recorded in Table 2 were meaningful, we followed the progress of enzyme formation in cells of strain S21 harvested near the end of growth on limiting tryptophan (Fig. 3) . Control plating showed that none of the cultures had reverted. The contrast between the increment in TS and that of AS, PRT, and InGPS is striking, suggesting a strongly preferential synthesis of the latter three enzymes during times of tryptophan scarcity. Figure 3 and B levels to those found when strain t Specific activity relative to strain S (wild type) grown in excess tryptophan (see footnote to Table 2 ).
The plus symbol indicates qualitative determination of the presence of isomerase (see text). Table 4 .
quired for the increased activity. We tentatively concluded that the poor growth of strains S1 and S11 on indole rests on feeble TS-B activity within the cell. Possibly a mutation in the TS-A catalytic site improves efficiency in the remaining TS-B reaction.
A second type of mutation allowing rapid growth on indole is presented in Table 5 ; in strain Si-i4 both TS activities are increased 50-to 100-fold over the basal level. This level is independent of the nature and quantity of supplement (L-tryptophan, indole, or anthranilate), though the regulation of the early enzymes of the pathway remains normal. It is tempting to regard strain Si-i4 as a "constitutive overproducer" of TS, especially since its prototrophic revertant, S1-i4Rl, retains high levels of the two TS activities after reversion of the AS defect.
Proof of the inducibility of TS: The finding of two independent and apparently total blocks in strain S1-il allowed a convincing test of the hypothesis that formation of increased levels of TS requires the presence of a pathway intermediate as inducer. As the data in Table 5 show, when this strain is grown on tryptophan, either limiting or in excess, the TS-B activity observed is not significantly greater than the basal level observed in strain S1 (Table 1) . A medium with added anthranilate allows formation within the cell of PRA, CDRP, and InGP in turn. If the latter is an inducer, high levels of TS-B activity should appear. Conditions of VOL. 56, 1966 BIOCHEMISTRY: CRAWFORD AND GUNSALUS 723
"gratuity" exist in this experiment, for it is immaterial to the growth of the cell whether anthranilate is present or TS-B activity elevated. This experiment was run with 30 ,g/ml anthranilate in the presence of both limiting and excess L-tryptophan (Table 5 ). The activities observed for TS-B were over 200 X the basal level. One must attribute these extremely high levels of TS to the presence of intermediates formed from anthranilate. The anthranilate-grown cultures gave a strong qualitative test for InG in their culture fluids. When viewed beside the evidence in Table 2 , this experiment implicates InGP as the primary inducer for TS. There appears to be little or no repressive effect of tryptophan on TS synthesis; the difference between 176 and 207 X the basal activity may reflect the shorter growth time at harvest of the culture in excess tryptophan, slightly lower levels of InGP in the cells, or both.
Discussion.-The pathway of formation of tryptophan from chorismate appears to be the same in P. putida as in all other microbes examined. The enzymatic reactions shown in Figure 1 can be assayed in extracts of the pseudomonad under conditions similar to those used for E. coli. Mutation can bring about the elimination of any one of the enzymatic activities; in P. putida this may occur without affecting the other activities of the pathway. One of the next ventures in characterizing the pathway in P. putida should be to determine if all the enzymatic activities we have studied are catalyzed by independent protein molecules. Characterization of TS should be facilitated by mutants like Si-il and S1-i4 with high levels of TS activity.
At present we do not have a method of genetic recombination in P. putida with which to determine whether any of the genes controlling enzymes in this pathway are closely linked. For the related organism P. aeruginosa, Fargie and Holloway24 report that three classes of tryptophan auxotrophs are unlinked in transduction tests. One class satisfies the criteria for mutants defective in TS. The other two classes are blocked between anthranilate and InGP; one is reported to lack PRT and the other PRAL. All tryptophan pathway mutants in E. coli,1 Salmonella typhimurium,25 and B. subtilis,4 are closely linked. It would not be surprising if the regulatory difference observed between P. putida and the enteric bacteria correlates with a different chromosomal organization.
In E. coli K12, synthesis of anabolic enzymes is regulated by end-product repression. Even where noncoordinate regulation is found, as in the arginine pathway,26, 27 excess product inhibits synthesis of all pathway enzymes. Although Gorini27 reported preliminary experiments suggesting that glutamine may have an "inducing effect" on arginine synthetic enzymes, marked antagonism between inducer (glutamine) and repressor (arginine) was found.
In contrast, in P. putida the level of TS is controlled solely by induction, and its inducer appears not to affect the production of enzymes earlier in the pathway. A double mutant blocked in AS and TS-A permitted us to control the presence of intermediates between the blocks. Our data allowed us to conclude that InGP is the primary inducer for TS, although indole may also have a weak effect, and that tryptophan does not exert repression. Possibly regulation of the enzymes catalyzing the first four reactions of the pathway is established through repression by tryptophan. In one instance we observed a 40-fold increase in the basal level of AS when a slightly leaky mutant was maintained many hours under conditions of tryptophan deprivation. But lacking mutants blocked in the aromatic amino acid pathway before chorismate and having no measure of the intracellular levels of compounds earlier in the pathway which could be inducers, we cannot rule out induction as the mechanism of control of these enzymes as well.
In the tryptophan anabolic pathway, as in the catabolic pathways studied,7 blocks of enzymes within the pathway may respond to the presence of one or another small effector molecule. Superimposed upon this control of enzyme synthesis is feedback inhibition of enzyme activity. (D. Joseph in the laboratory of one of us has demonstrated that AS activity is very sensitive to inhibition by L-tryptophan.) Data available for at least one bacterium, Chromobacterium violaceum, suggest that a mechanism for regulation of the rate of enzyme synthesis in an anabolic pathway may not be a completely essential part of the genetic make-up of a cell, for the amount of tryptophan available to this organism does not seem to influence its enzyme levels.28 It seems plausible to us that the method used by organisms to regulate enzyme synthesis may prove to be a useful parameter in the determination of relatedness among bacteria.
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